Abstract-In children, blood pressure (BP) and risk for hypertension are proportional to degree of adiposity. Whether the relationship to BP is similar over the full range of adiposity is less clear. Subjects from a cohort study (nϭ1111; 50% male and 42% black) contributed 9102 semiannual BP and height/weight assessments. The mean enrollment age was 10.2 years, and mean follow-up was 4.5 years. Adiposity was expressed as body mass index percentile, which accounted for effects of age and sex. The following observations were made. The effect of relative adiposity on BP was minimal until the body mass index percentile reached 85, beginning of the overweight category, at which point the effect of adiposity on BP increased by 4-fold. Similarly intensified adiposity effects on BP were observed in children aged Յ10, 11 to 14 years, and Ն15 years. Serum levels of the adipose tissue-derived hormone, leptin, together with heart rate, showed an almost identically patterned relation to BP to that of body mass index percentile and BP, thus implicating a possible mediating role for leptin. In conclusion, there is a marked intensification of the influence of adiposity on BP when children reach the categories of overweight and obese. Among the possible pathways, leptin may be a potentially important mediator acting through the sympathetic nervous system (reflected in heart rate). The findings have relevance to interventions designed to prevent or treat adiposity-related increases in BP and to the analytic approaches used in epidemiological studies. (Hypertension. 2011;58:818-824.)
O verweight and obesity, defined by body mass index (BMI) cutoff points, have long been recognized as risk factors for hypertension. 1, 2 Although the physiological mechanisms that modulate the effects of obesity on blood pressure (BP) are not fully elucidated, 3, 4 epidemiological data that link increased BMI to higher BP are remarkably consistent across different populations. [5] [6] [7] [8] In children, hypertension is often accompanied by detectable target organ damage, and the elevated BP typically continues into adulthood. 9, 10 Overweight and obese children are known to face significantly increased risk for hypertension as adults. [11] [12] [13] [14] Clinical data from pediatric primary care practices in the United States showed greater mean systolic and diastolic BPs and higher hypertension prevalence rates in overweight and obese children. 15 Recent studies now report on worldwide increases in prevalence rates of hypertension in obese children. 16 -18 Less is known about the extent to which adiposity influences BP in children of different weight categories. For example, it is unclear whether adiposity influences BP in normal weight children as it does in overweight children. From a clinical perspective, differentially manifested adiposity effects in children of different weight categories would justify more targeted intervention strategies.
In the present study, we analyzed BMI and BP data collected in a cohort of healthy children. Because BMI increases with age in children, it is recommended that BMI percentile be used, which takes into account an individual's age and sex. 19 BP was similarly converted to percentile values for the purpose of defining prehypertension and hypertension. 20 In a series of secondary analyses, we found evidence that favored a role for leptin in linking an effect of adiposity on BP.
Methods

Study Protocol
Subjects were healthy children from a cohort study of BP regulation. 21, 22 They were recruited from schools in Indianapolis selected to provide a range in socioeconomic status. Most of the recruitment took place over the first 3 years (795 individuals were recruited in year 1). Follow-up measurements were carried out semiannually (between 8:00 AM and 12:00 PM) at the subject's school (33 participated) or in some instances in the Indiana University Clinical Research Center or in the subject's home. BP was measured in the right arm with a random 0 sphygmomanometer (Hawksley and Sons, Lancing, West Sussex, United Kingdom), whereas the subject was in a seated position. The first and fifth Korotkoff sounds were used for systolic and diastolic BP measurements, respectively. Three readings were obtained at intervals of Ն2 minutes, and the average of the last 2 readings was used in the analyses. A majority of study subjects also contributed Ն1 blood sample from which serum was separated and stored at Ϫ20°C. The study protocol was approved by the Indiana University Institutional Review Board. All of the participants (and a parent) provided written informed consent or assent as appropriate.
BMI and BP Percentiles
BMI was calculated from the height and weight (BMIϭweight/ height 2 ). A methodologic challenge in assessing the BMI-BP relationship in children is to deal with the confounding effect of age. The concurrent increases of BMI and age make it difficult to distinguish an effect of BMI from that of age. To minimize the impact of such confounding, we converted the BMI to age-and sex-adjusted percentile values by comparing the raw BMI values with the Centers for Disease Control and Prevention BMI-for-age growth data. 19 The resulting percentile indicated the relative position of each child's BMI among children of the same age and sex. With percentile values of BMI, we were able to define the weight status of children at different ages. Consistent with the current clinical practice, we considered children with BMI percentile values between 85% and 95% as overweight and those with percentile values Ͼ95% as obese. 23 For similar reasons, we converted levels of BP to percentile values so that hypertension status of the study subjects could be determined. We obtained age-, sex-, and height-adjusted percentile values of systolic and diastolic BPs by comparing the raw BP data with the national normative data. 20 We used the criteria described by the Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents by the National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents to define BP levels in the hypertensive and prehypertensive ranges. 20 Specifically, we considered systolic and diastolic BPs between the 90th and 94th percentiles in the prehypertensive range and levels at or above the 95th percentile in the hypertensive range. Because relatively few BPs were in the hypertensive range, we combined categories of prehypertension or hypertension in this analysis.
Leptin Assay
Serum concentrations of leptin were determined using a commercial radioimmunoassay kit (Linco Research, Inc, St Charles, MO), as described previously. 24 The sensitivity of the assay was 0.5 ng/mL, and the interassay precision ranged from 3.6% to 6.2%.
Data Analysis
Demographic and clinical characteristics of the study subjects were summarized, stratified by subject weight status. We examined the relationships between BMI and BP percentiles graphically for indications of differential adiposity effect on BP, in boys and girls of different races. Using the 85th percentile of BMI as the overweight cutoff point, we fitted piecewise regression models for examination of the associations between BMI and BP percentiles in normal weight and overweight children. The estimated slope parameters from regression analysis quantified the magnitude of the adiposity effects. Two slopes were obtained from each regression model, 1 for normal weight and 1 for overweight and obese children. Comparing the 2 estimated slope parameters identified the differences in magnitude of adiposity effects between normal weight and overweight/obese children. Similarly, we used piecewise logistic regression analysis to quantify the effects of BMI percentile on the risk of having prehypertensive and hypertensive levels of BP, defined as either systolic or diastolic BP being in the 90th percentile. In the logistic regression analysis, BMI percentile effects were quantified as odds ratios. It should be noted that our analysis used repeated BMI and BP assessments, thus affording improved analytic power and wider age range for the examination of BMI-BP relationship. To accommodate the potential correlations among the repeated measurements contributed by the same subject, we used mixed models to fit the linear regressions (SAS PROC MIXED) and the generalized estimation equations technique to fit the logistic regression models (PROC GENMOD), 25 with age and race/sex group included as covariates. We repeated the regression analysis in age-stratified samples to examine the BMI effects on BP in children of different ages. The sample was stratified into 3 age groups: Յ10 years, 11 to 14 years, and Ն15 years. In light of recent data suggesting other cutoff points, 26 we performed a sensitivity analysis on the adiposity effect on BP using the 90th percentile BMI cutoff point. To examine the potentially nonlinear relationships between BMI percentile and risk of prehypertension/hypertension, we estimated the probability of having a BP measurement in the prehypertension or hypertension range as a smooth function of the BMI percentile using semiparametric regression analysis. 27 A similar technique was used to examine the effects of BMI percentiles on serum leptin concentration and heart rate, as well as the effects of leptin on BP and heart rate. In these analyses, leptin's relationships to BMI and BP were modeled as nonlinear functions; estimated effects were presented graphically. Analyses were performed using SAS version 9.3, and R version 2.11. P values Ͻ0.05 were considered statistically significant.
Results
A group of 1111 subjects (50% male; 42% black) contributed a total of 9102 semiannual BP and height/weight assessments, averaging 8.2 assessments per subject. The mean length of follow-up was 4.5 years (SD: 3.7 years). Mean enrollment age was 10.2 years (range: 4 -17 years).
BP percentiles were calculated using national normative data from the 1999 and 2000 National Health and Nutrition Examination Survey 20 and BMI percentiles using national normative data collected in the 1970s. 19 As shown in Table 1 , the mean systolic BP percentile was significantly higher for overweight/obese children than normal weight children (51% versus 35%; PϽ0.0001); the average value of diastolic BP percentile was also significantly higher for overweight chil- 
0001).
Scatter plots of BP and BMI percentiles revealed that, before the BMI percentile reached its upper spectrum, the BP effect of BMI percentile was relatively modest (exploratory graphs not shown). Once BMI reached the overweight/ obesity category (Ͼ85th percentile), the adiposity effect on BP was greatly intensified. Using the 90th percentile BMI as the cutoff point, the increase in the slope was even more dramatic, suggesting a substantially increased adiposity effect on BP in overweight and obese children. Importantly, such an intensification of the BMI percentile effect was observed in all of the sex and race groups.
The greatly increased adiposity effects were confirmed by regression analysis. As shown in Table 2 , the estimated BMI percentile effects on systolic BP were Ϸ4-fold greater for overweight children than for children who were normal weight. For example, in normal weight black boys, the estimated BMI percentile effect on systolic BP percentile was 0.10 (95% CI: 0.06 -0.14), whereas the corresponding effect in overweight black males was 0.49 (95% CI: 0.35-0.64), an Ϸ5-fold increase. For other race and sex groups, the increases were also more than quadrupled. In a sensitivity analysis, we observed that the adiposity effects would have increased by Ͼ6-fold had we used 90th percentile BMI as a cut point. Similar changes in magnitude of BMI percentile effect were also observed between normal weight and overweight children for diastolic BP.
Prehypertension and hypertension in children are defined as either systolic or diastolic BP exceeding their respective 90th and 95th percentile thresholds. Using logistic regression analysis, we examined the effect of the BMI percentile on the risk of having a BP in the prehypertension or hypertension range. Analysis showed that, for normal weight children, BMI percentile was not significantly associated with prehypertension/hypertension risk in normal weight children (odds ratio: 1.02 [95% CI: 0.99 -1.04]). Similar conclusions held true for boys and girls of all races. However, for overweight children, the estimated BMI percentile effects were significantly greater. For example, in overweight black females, for each 5% increase in the BMI percentile, there was a 33% increase in the odds of having BP in the prehypertension and hypertension range (OR: 1.33 [95% CI: 1.07-1.67]) compared with a nonsignificant increase in normal weight black females (OR: 1.03 [95% CI: 0.97-1.10]). For other groups, the risk was nearly doubled.
Had we not stratified the study sample by weight status, the magnitude of the resulting estimate of BMI percentile would be very different, as shown in the bottom panel of Table 2 . The estimates based on combined sample would lie between the corresponding estimates for normal weight children and overweight children.
Importantly, the much intensified adiposity effects on BP were quite similar at different ages. To highlight the similarly increased BMI percentile effects on BP in normal weight and Odds ratios of BP in the prehypertension or hypertension range (ie, either SBP or DBP in the top 90th percentile) associated with a 5% increase in the BMI% from piecewise logistic regression models, with BMI cutoffs at the 85th percentile. For comparison purposes, we also included the estimated regression coefficients from linear regression models without BMI cutoffs. BMI indicates body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HTN, hypertension; BF, black female; BM, black male; WF, white female; WM, white male. overweight/obese children at different ages, we presented the magnitudes of the estimated slopes in Figure 1 . The figure again demonstrated that, without a BMI cutoff point, the adiposity effects on BP tended to be severely underestimated for overweight and obese children and overestimated for normal weight children.
To better understand the adiposity effect on the risk prehypertension/hypertension in the entire continuum of BMI percentile, we used semiparametric logistic regression analysis to examine the probability of having BP measurement in the prehypertension/hypertension range. The analysis showed that there was minimal adiposity effect until the BMI percentile reached the 85th percentile threshold, from which point on the prehypertension risk increased very significantly, as shown by the dramatic upswings in upper BMI percentiles (see Figure 2) . Similar effect patterns were confirmed by piecewise logistic regression analysis.
Accompanying the elevated BP and prehypertension/hypertension risk in the overweight and obese children were noticeably higher serum leptin concentrations (19.70 ng/mL in overweight and obese children versus 5.85 ng/mL in normal weight children; PϽ0.0001), even after adjusting for the effects of age, sex, and race. Interestingly, we also observed a similar upswing in the leptin level mirroring the increase of BP effect of adiposity in overweight and obese children ( Figure 3A) . Graphic examination showed that leptin levels remained stable over the entire age range of our study subjects.
We then examined heart rates of overweight and normal weight children. Although the mean heart rates were quite close (82 bpm for overweight and obese children and 80 bpm for normal weight children), analysis of covariance adjusting for age, sex, and race showed that overweight and obese children tended to have significantly greater heart rate than those of normal weight (Pϭ0.025). For a more detailed exploration, we examined the mean heart rates over the entire continuum of BMI percentile, which revealed greater mean heart rates at both ends of the BMI percentile spectrum ( Figure 3B ). Similar analyses also revealed that leptin was positively associated with systolic and diastolic BP percentiles (systolic data presented in Figure 3C ; diastolic data not shown) and heart rates ( Figure 3D ). It should be noted in this Comparisons of the body mass index (BMI) percentile effects on systolic blood pressure (BP) percentile for normal weight and overweight children of different age groups. Purple bars represented the estimated adiposity effects on BP in overweight and obese children; yellow bars represented the estimated adiposity effects on BP in normal weight children. Green bars represented the adiposity effect estimates when no BMI percentile cutoff point was used. The figure showed that, without weight status stratification, one could severely underestimate the adiposity effects on BP in overweight and obese children and overestimates the effect in normal weight children. Top, Estimates for children Յ10 years of age. Middle, Estimates for children 11 to 14 years of age. Bottom, Estimates for children Ն15 years of age. The figure showed that adiposity effects on BP were similarly intensified in overweight and obese children of all age groups.
study that leptin was not measured as frequently as BP and BMI. As a result, we did not have sufficient power to use leptin to predict future BP.
Discussion
It is well accepted that BP increases as BMI increases in persons of all ages and that hypertension is more prevalent in higher BMI categories. In the present study of children, we further quantified and compared the magnitudes of BP effects of relative adiposity (depicted by BMI percentiles) in children of different weight categories. Surprisingly, the data showed that the effect of adiposity on BP was rather modest until a child's BMI reached the overweight category, at which point the effect on BP quadrupled. Similar results were observed in boys and girls and in both race groups. The fact that the intensified adiposity effects on BP were similarly observed in children regardless of age group reveals the persistent nature of this relationship. Practically, it highlights the importance of recognizing the much added risk that accompanies true obesity in children.
The differential BP effect of adiposity points to the need for more targeted interventions to reduce cardiovascular morbidity in overweight and obese children, because even a small decrease in BMI percentile may produce significant health benefits. Along the same line, further research is needed to establish evidence-based weight management targets for hypertension risk reduction in the context of somatic growth.
The marked difference in the adiposity effect of normal and overweight children highlights the importance of weight category stratification when quantifying the BP effects of adiposity. Because the adiposity effect on BP is primarily manifested in overweight and obese children ( Table 2 and Figure 1 ), estimates based on unstratified samples will likely result in overestimates of the adiposity effect for normal weight children and underestimates of the effect for overweight children. Although a mechanistic explanation for the intensified adiposity effect on BP was not within the original scope of this investigation, with the observed pattern of adiposity effect on BP, we made the assumption that an important mediator might be suggested if its levels shared a similar pattern with the effect of adiposity on BP. To this end, the intensification of adiposity influences on BP at the upper range of BMI percentiles afforded an opportunity to look for potential mediators. We selected to study in a preliminary fashion the adipose tissue-derived hormone leptin that has been implicated in mediating obesity-induced increases in BP. Indeed, the spike in leptin levels closely resembled the patterns of BP sensitivity to BMI percentile. The concurrent upswings of leptin, heart rate, and BP in the upper BMI percentiles, as well as leptin's positive associations with heart rate and BP, appear to give additional credence to the notion that leptin influences BP possibly by its known ability to enhance sympathetic nervous system activity (reflected in the increase in heart rate). Establishing such a role for leptin, however, is complicated by the fact that both leptin and BMI are markers of adiposity. Including both in the same model would leave leptin depleted of a detectable influence on BP. Nonetheless, we noted that, when leptin was added to the regression model, the significance level of BMI was greatly reduced, although it remained statistically significant, suggesting the existence of still other mechanistic pathways. 3,4,28 -32 We also examined BMI's relation to plasma aldosterone levels but did not see an identifiable pattern. It would be of interest to examine other possible factors related to adiposity, such as insulin, adiponectin, and inflammatory cytokines, which were not measured in our study.
We recognize several limitations to the current study. Despite the reasonably large sample size, the analytic power remained limited to examination prehypertensive and hypertensive BP levels separately. The focus on healthy children, who were at an age when development of hypertension was still uncommon, could also be considered a limiting factor. On the other hand, we were afforded the opportunity to observe the normal physiology unencumbered by confounders that result from the hypertension and/or its treatment. Indeed, we may not have observed the relationships described had we studied an older adult population. In this sense, it is unclear to what extent we might be able to generalize the findings to an adult population or to hypertensive individuals. A recent study has reported on the existence of a distinct difference between those with and without hypertension with respect to relationships to BMI: hypertensives in contrast to normotensives did not show the relationship of BP to the level of adiposity. 33 Thus, there may be multiple examples wherein relationships of adiposity to BP are not fully predictable.
Perspectives
Results from the present study of young people could change the way we approach the relationship of body size to the level of BP. Clearly, behavioral measures that are more difficult to implement, such as dietary changes and increases in physical activity, should perhaps be directed more toward those at the upper end of the BMI percentile scale. Possibly as important are the considerations that need to be given to future epidemiological studies of adiposity and BP. Analyses where adjustments are made for body size, at least in young people, may require modification based on the relative standing of an individual on the BMI percentile scale. These adjustments may serve, as they did in the present study, to uncover unanticipated observations. Indeed, we were able to show a differential sensitivity of BP to adiposity that appeared to be mediated by leptin. These compelling findings might have been missed without weight status stratification. The relationship of increased adiposity in children to later in life cardiovascular disease is clear, but what conveys the effects of adiposity remains less than conclusive. An understanding of the differential sensitivity of BP to adiposity via leptin could be a worthwhile investigative goal.
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